A SU (4) flavor symmetrical Lagrangian is constructed for the interaction of the pseudoscalar mesons with the vector mesons. SU (4) symmetry is broken to SU (3) by suppression of terms in the Lagrangian where the interaction should be driven by charmed mesons. Chiral symmetry can be restored by setting this new SU (4) symmetry breaking parameters to zero. Unitarization in coupled channels leads to the dynamical generation of resonances. Many known axial resonances can be identified including the new controversial X(3872) and the structure found recently by Belle around 3875 MeV in the hidden charm sector. Also new resonances are predicted, some of them with exotic quantum numbers.
Introduction
Recent years have been very exciting for the hadron spectroscopy because of the discovery of many new and controversial states that do not fit well the interpretation of baryons asstates or mesons asstates. In particular two charmed resonances discovered by BaBar [1] and confirmed by other experiments [2] , [3] , [4] , the D s0 (2317) and D s1 (2460) have animated the debate about nonmesons. Also non-strange partners of these resonances have been observed [5] , [6] .
The predictions for the masses of these states with quark model potentials already existed [7] and turned out to be off by more than 100 MeV. The fact that the D s0 (2317) lies just below the DK threshold and the D s1 (2460) just below the D * K threshold made many theoreticians speculate that these states could be meson molecules [8] , [9] , [10] , [11] , [12] , [13] . Others support a tetraquark assignment [14] , [15] , [16] , or usualstates with more sophisticated quark model potentials or within QCD sum rules calculations [17] , [18] , [19] , [20] and there is also the possibility of admixture between these configurations [21] , [22] , [23] .
In the hidden-charm sector also new controversial resonances have been found. In particular the X(3872), observed in four different experiments [24] , [25] , [26] , [27] , has attracted much attention. The narrow width of this state makes its interpretation as an usual charmonium cc state very difficult. For this resonance too, many exotic theoretical interpretations have been investigated such as tetraquarks, hybrids and molecules [28] , [29] , [30] , [31] , [32] . For a good review on heavy mesons one can refer to [33] .
In this work unitarization in coupled channels is used to explore the pseudoscalar meson interaction with vector mesons. In the works of Kolomeitsev [9] and Guo [11] a similar approach has been done using a Lagrangian based on heavy quark chiral symmetry that allowed the investigation only of the open-charm sector and constrained the interaction for only light pseudoscalars with heavy vector mesons. For our phenomenological model we construct a Lagrangian based on SU (4) flavor symmetry and this symmetry is broken to SU (3) by suppressing exchanges of heavy mesons in the implicit Weinberg-Tomozawa term. Chiral symmetry can be restored from our model by setting the SU (4) symmetry breaking parameters to zero. This new Lagrangian, based on the ideas of a previous paper [34] , includes also the possibility to investigate the hidden-charm sector and the interaction of heavy pseudoscalars with light vector mesons, which enriches the spectrum of axial resonances generated.
The paper is organized as follows: in the next section the construction of the Lagrangian is explained in detail and also the mathematical framework for solving the scattering equations in an unitarized approach is presented. Section 3 is devoted to the presentation and discussion of the results and section 4 contemplates overview and conclusions.
Mathematical Framework
We will start by constructing two fields, one for the SU (4) 15-plet of pseudoscalars and another one for the 15-plet of vector mesons:
Now for each one of these fields a vector current is build:
The Lagrangian is then constructed by connecting the two currents:
Note that the ω appearing in eq. (2) is not the physical ω but ω 8 . Next step is to break SU (4) symmetry, this will be done by suppressing exchanges of heavy mesons. To identify these terms, one should first decompose each one of the fields into its SU (3) components:
The1 3 is the 3x3 identity matrix and the fields φ i and V iµ contain the meson fields for each i-plet of SU (3) into which the 15-plet of SU (4) decomposes:
In terms of the SU (3) fields the Lagrangian reads:
In eq.(8) the currents are defined as:
Terms which involve two currents carrying explicitly charm quantum number will be suppressed in order to break SU (4) symmetry, since they implicitly involve the exchange of a heavy vector meson. Also the piece J3 3µ J μ 33 will be suppressed, following a previous paper [34] , because here one can simultaneously have the exchange of J ψ and light vector mesons. So, following the steps of [34] , the corrected Lagrangian, accounting for the masses of the heavy vector mesons, reads as:
Note that the first term of the Lagrangian in eq. (11) is the same Lagrangian used in the works of Lutz [35] and Roca [36] in the study of the low lying axial mesons and the third term is the same Lagrangian used in the works of Kolomeitsev [9] and Guo [11] when studying the open-charm sector. This matching is the reason for the choice 1 4f 2 as the coupling of the Lagrangian in eq. (5). From the Lagrangian in eq. (11) one gets the transition amplitudes between an initial and a final state:
The superindex C refers to the charge basis, and the labels i and j to the initial and final channels while s, t and u are the usual Mandelstam variables. In appendix A we give tables for the coefficients ξ I in an isospin basis.
These amplitudes will first be projected in s-wave:
This potential will then be used as kernel in a Bethe-Salpeter equation, in an on-shell formalism [37] , [38] , [39] , [40] . In this way the unitary T-matrix assumes the form [36] :
In this equationĜ is a diagonal matrix with each element given by:
in the above equations p is the three-momentum in the center of mass frame of the two mesons in channel l, while M l and m l are the masses of the vector and pseudoscalar mesons respectively. The three-momentum p is calculated with:
Unitarity is ensured by the imaginary part of the loop function of equation (16):
When looking for poles in the complex plane one should be careful because of the cuts of the loop function beyond each threshold. Bound states appear as poles over the real axis and below threshold in the first Riemann sheet. Resonances show themselves as poles above threshold and in the second Riemann sheet of the channels which are open.
Over the real axis the discontinuity of the loop function is known to be two times its imaginary part [41] so, knowing the value of the imaginary part of the loop function over the axis, eq. (18), one can do a proper analytic continuation of it for the whole complex plane:
G II and G I refer to the loop function in the second and first Riemanian sheets, respectively.
Results
The 15-plet of SU (4) breaks down into 4 multiplets of SU (3):
Knowing this, one can study the SU (3) structure of the interaction between pseudoscalar and vector mesons. Table 1 shows the SU (3) decomposition of the interaction. The irreps marked with a * refer to the vector meson multiplet.
Since now one can differentiate between the vector and the pseudoscalar representations in the irrep products, the coupled channel space gets enlarged with respect to the case of the scalar resonances and therefore, a much richer spectrum is generated for the axial resonances. In contrast with previous works [9] and [11] where light pseudoscalar mesons are scattered off heavy vector mesons, in our work we have an enlarged coupled channel basis accounting also for channels where light vector mesons are scattered off heavy pseudoscalars.
By means of SU (3) isoscalar factors [34] , [43] , [44] the ξ I ij can be transformed to a SU (3) basis, this way one knows in which multiplets there is attraction and, therefore, the possibility to generate resonances. In the C=2 sector the interaction is not attractive in any multiplet, in the C=1 sector there is attraction in the antitriplets and in the sextets and in the C=0 sector the two octets and the singlet coming from 8 ⊗ 8 * and the two heavy singlets from the3 ⊗ 3 * and the 3 ⊗3 * are attractive. Table 2 shows the channel content in each sector. We will work with states of defined charge conjugation or G-parity, where it applies.
Our model assumes that isospin symmetry is exact so, all particles belonging to a same isospin multiplet have the same mass. For the pions we use m π =138 MeV, for kaons m K =495 MeV and for the eta m η =548 MeV. In the heavy sector we use, for the pseudoscalars m D =1865 MeV, m Ds =1968 MeV and m ηc =2979 MeV. The masses of the light vector mesons are: m ρ =771 MeV, m K * =892 MeV and m ω =782 MeV.
charm Interacting multiplets While for the heavy vector mesons we use:
It is also possible to restore SU (3) symmetry by setting the masses of all particles in a same SU (3) multiplet to a common value. For this purpose we introduce the parameter x, x = 0 is the case when SU (3) symmetry is restored and x = 1 the case we see in Nature with SU (3) broken. The meson masses as a function of x are given by:
wherem is the meson mass in the symmetric limit. We will use for the pseudoscalars: m 8 =430 MeV,m 3 =1900 MeV andm 1 =1900 MeV, and for the vector mesons:
For the parameters γ and ψ in equation (11) we will use m L =m 8 * , m H =m 3 * and m ′ H =3 GeV. In our model we still have to fit the subtraction constants in the loop function. As done in our previous work [34] we use two different values, α L for channels involving just light mesons and α H for channels involving at least one heavy meson. This is justified because the heavy and light sector nearly decouple from each other. The result of our fit is α L = −0.8 and α H = −1.55.
We also use two different values for the meson decay constant f appearing in the Lagrangian: for light mesons f = f π = 93 MeV, while for heavy mesons f = f D = 165 MeV [42] .
Charm Strangeness I G (J P C ) Channels Figure 1 shows the pole trajectories for the antitriplet starting at 2432.63 MeV while changing x from 0 to 1 in steps of 0.1.
In the hidden charm sector two octets and tree singlets are expected, one light and two heavy. The two octets are nearly degenerated at 1161.06 MeV and 1161. 37 MeV. In the work of Roca [36] the two octets are degenerated, in our model the interaction with the heavy sector removes this degeneracy. The light singlet appears as a pole at 1055.77 MeV and the two heavy ones at 3867.59 MeV and (3864.62-i0.00) MeV this second one is not exactly a bound state as the others, but a narrow state with a width smaller than 1 KeV. Table 3 shows the pole positions for the case x = 1 within our model and the possible identification of each one.
We will now discuss separately the particle identification in each sector. 
C=1,S=1,I=1
In contrast with the scalar resonances where the sextet state became very broad [34] , the axial sextets are narrower, hence easier to detect experimentally. One should note also that these states are truly exotics since quark models can not generatepar with such quantum numbers. We found two poles in this sector at positions (2529.30-i238.56) MeV and (2756.52-i32.95) MeV. The couplings, g i , of the poles to each channel i have been calculated from the residues of each pole. Close to the pole position one can write: 
where p is the center of mass three-momentum of the two particles in the final state.
For the pole at (2756.52-i32.95) MeV the estimate reads:
While for the pole at (2529.30-i238.56) MeV on has:
The large coupling of the lighter state to πD * s and KD * , or the heavier one to D s ρ and DK * make these states qualify as roughly quasibound states of these channels respectively. Note that they separate two basic configurations: heavy vector-light pseudoscalar and heavy pseudoscalar-light vector.
C=1,S=1,I=0
The two poles found in this sector have the proper quantum numbers to be identified with the two D s1 resonances. The first pole appears as an exact bound state at 2455 MeV and we identified it with the D s1 (2460) state. Experimentally the main hadronic decay channel for this resonance is D * s π which is an isospin violating decay and therefore not taken into account by our model. Other decays for this resonance are tree body decays or electromagnetic ones, which are also not contempled by our framework.
The other pole appears at (2573.62-i0.07) MeV and couples mainly to the DK * and D s ω channels. The only open channel for it to decay is the KD * channel but, because of the dynamics of the interaction, this resonance barely couples to it. This explains the small width of this resonance, 140 KeV, despite the 70 MeV phase space available for it to decay. We identify this pole with the D s1 (2536) which is also observed in the decay channel KD * with a small width (Γ < 2.3 MeV [42] Table 5 : Residues for the C=1,S=1,I=0 sector Table 5 shows the absolute value of the couplings |g i | for each channel for the two poles in this sector.
Once more we see that the lighter state couples strongly to KD * and ηD * s while the second one couples strongly to DK * and D s ω. Hence the decoupling into two families of heavy vector-light pseudoscalar and light vector-heavy pseudoscalar shows up in this sector too.
C=1,S=0,I= 1 2
Here the companions of the two antitriplets and the two sextets should be found. Note that when we refer to the SU (3) multiplet we are talking about the case when one has SU (3) symmetry. This correspond to x = 0 in the pole trajectories. At x = 1, since SU (3) symmetry is broken, the physical states mix the SU (3) multiplets. Yet, the study of the trajectories allows us to trace back any pole to its origin in the SU (3) symmetric case, and we have used this information for the classification of states in Table 3 .
The antitriplet companion of the pole for the D s1 (2460) is the pole located at (2311.24-i115.68) MeV that we identify with the D 1 (2430) because of its naturally large width, since it is strongly coupled to the πD * channel into which it is free to decay. On the other hand the pole at (2526.47-i0.08) MeV, companion of the one identified with the D s1 (2536), has its coupling to the πD * channel strongly suppressed and therefore has a very narrow width. Because of this unnatural narrow width we are tempted to identify it with the D 1 (2420) although the mass of our dynamically generated resonance is around 100 MeV off the experimental value for this state.
As for the sextets, one of the poles becomes a broad cusp at theKD * s threshold as one gradually breaks SU (3) symmetry trough the parameter x, and the other pole emerges from a cusp into a pole at (2750.22-i99.91) MeV. The channel to which it is most strongly coupled is closed, the D sK * , but it also has sensitive couplings to all channels into which it is allowed to decay.
The couplings for the poles in this sector to the channels are in Table 6 . As in the former cases, the states are clearly separated into the heavy vector-light pseudoscalar and light vector-heavy pseudoscalar sectors. 
C=1,S=-1,I=0
The two remaining exotic members of the sextet should be found in this sector. One of them becomes a broad cusp at theKD * threshold when x = 1 while the other one is a narrow resonance with pole position (2756.08-i2.15) MeV. The couplings of this pole are in Table 7. 3.5 C=0,S=1,I= 1 2 Two poles are found here coming from the two octets in the scattering of the low lying pseudoscalar with the light vector mesons. In principle one could be tempted to assign these two poles to the two axial kaons from PDG [42] , but the mass of one of these, the K 1 (1400) is about 200-300 MeV off the pole positions we found and its width is much smaller than that. With this in mind we followed the interpretation of Roca [36] that the K 1 (1270) should have a two pole structure. The couplings of the two poles to the different channels are in Table 8 . This sector is explained in more detail in [36] . The novelty here is that, in spite of including now the heavy channels, the results are basically unaltered compared to those of [36] where only the light sector was used. This indicates a very weak mixing of the heavy and light sectors.
Concerning the two K 1 states it is also opportune to mention that in [45] some experimental information was reanalysed giving strong support to the existence of these two states. 
C=0,S=0,I=1
In this sector too there are two poles coming from the two octets but, since this is the nonstrange sector, this two states have defined G-parity and therefore cannot mix. The pole with positive G-parity we associate with the b 1 (1235) resonance. The small discrepancy between the experimental width and the value found from our theoretical model is explained since, experimentally, some decay channels of this resonance are tree or four body decays while our model contemplates just two body hadronic decays.
The negative G-parity pole should be identified with the a 1 (1260) but here the model gives a worse description of the resonance, the mass of the pole is smaller than expected altough the huge width of the resonace makes this a minor problem. Also the width found within the model is very large, of the order of magnitude of the experimental one which is estimated with large errors. Again one should note that an important fraction of the width of this resonance could be due to many body decays not included in the present model.
The couplings of the resonances to the channels are given in Table 9 and they are very similar to those found in [36] . There the ω 8 was substituted in terms of ω and φ and the sum of |g| 2 for πω and πφ is similar to the |g| 2 for πω 8 of our calculation.
C=0,S=0,I=0
Five poles are found in this sector. Tree have negative charge conjugation parity and two of them positive C-parity. In the light sector the positive C-parity pole is associated with the f 1 (1285), it appears in our model as a truly bound state, as it should, since none of its observed decay channels is a pseudoscalar vector meson one, the possible decay channels within the model. The heavy singlet with positive C-parity abtained at 3837 MeV is a good candidate to be associated with the controversial state X(3872), in this case this state is interpreted as being mainly a mixed molecule of DD * + c.c. and D sD * s − c.c., its only possible decay channel within the model is Table 9 : Residues for the C=0,S=0,I=1 sector the KK * + c.c. which is highly suppressed. In Table 10 the couplings of the two poles are presented. We can see there the strong decoupling of the heavy and light sectors. The low lying negative C-parity resonances can be associated with the two h 1 resonances. The singlet at (925.12-i24.61) MeV we identify with the h 1 (1170) and, since we get it with a lower mass, our width is much smaller than the experimental one because our state has less phase space for decay. With the octet pole at (1213.00-i5.67) MeV the same thing happens, and we associate it with the h 1 (1380) despite the smaller mass and width compared with experimental values.
In the heavy sector we find another state at 3840 MeV and negative C-parity. The decay of the X(3872) into π + π − J ψ tells us that it is a positive C-parity state if the π + π − system appears as a ρ state as suggested by the experiment [46] . Thus, we associate to this experimental state the positive C-parity pole that we obtain at 3837 MeV. The negative C-parity state that we find at 3840 MeV we would like to associate to the possible state, recently claimed by Belle [47] around 3875 MeV, decaying intoD 0 D * 0 . The difference of 35 MeV in the binding energy between our model and experiment (∼ 1% difference) is perfectly acceptable for a theoretical model that looks at the whole spectrum of axial vector mesons in a broad range of masses with only two free parameters (α H , α L ). Yet, we can do some fine tunning to get a mass like in experiment by changing the subtraction constants in the loops. In this case we can take α H = −1.30 (from −1.55 before) and then we find the mass of the positive C-parity pole at 3872.67 MeV and simultaneously the state with negative C-parity just disapears as a pole, by crossing theDD * threshold, and leads to a marked cusp structure in theDD * −c.c. amplitude. Indeed, changing α H to slightly more negative values we regain the pole just below this threshold.
In the decay of a B particle to Kπ + π − J ψ we have, defining E = M inv (π + π − J ψ )− MD0 D 0 * :
which is approximately proportional to |T | 2 in a few MeV range of E around MD0 D 0 * Table 10 : Residues for the C=0,S=0,I P =0 + sector since Γ(X → π + π − J ψ ) barely changes in this range of energies given the relatively large phase space for this decay. On the other hand for the B particle decaying into
which is approximately proportional to |T | 2 p, where p is the three-momentum of thē D particle in the center of mass frame of theDD * system, since now Γ(X ′ →D 0 D 0 * ) is proportional to this three-momentum.
In fig 2 we plot dBr + dE and dBr − dE as a function of E and we compare our results with the experimental data from Belle [48] [49] . We can see that in the case of the positive C-parity state the π + π − J ψ distribution is very sharp, while the distribution of the invariant mass ofD 0 D 0 * for the negative C-parity state leads to a strong enhancement of the distribution around theD 0 D 0 * threshold, in both cases in fair agreement with experiment.
We should note that an empirical analysis of the data in a recent paper [50] produces a similar behaviour assuming that the resonance (one in their case) couples very strongly to D 0D0 * , as it is also our case (see couplings in Tables 10-11 ). 
Overview and Conclusion
We studied the dynamical generation of axial resonances by looking for the poles in the scattering T-matrix of pseudoscalars with vector mesons. For the interaction Lagrangian we first constructed a SU (4) flavor symmetrical Lagrangian for the interaction of the 15-plet of pseudoscalar mesons with the 15-plet of vector mesons. The symmetry was broken down to SU (3) by suppressing exchanges of heavy vector mesons in the implicit Weinberg-Tomozawa term, following a prescription developed in a previous paper [34] . From the Lagrangian, tree level amplitudes were evaluated, projected in s-wave and collected in a matrix for the various channels. This matrix was used as the potential, transformed to an isospin basis, in the Bethe-Salpeter equation, which provides the unitarized amplitudes between the channels. The poles generated within the model can be associated with the various axial resonances listed by the Particle Data Group [42] , and also many new resonances are predicted. Remaining discrepancies between our model and experiment can be attributed to possible many body decays of these objects or possible higher order terms that could be included in the Lagrangian. The size of the discrepancies, typical of any successful hadronic model describing hadronic spectra, can be used to estimate the uncertainties in the predictions for the new states that we obtain.
Some states obtained here have been also studied before in a similar framework, but with more restricted coupled channels space. The similarity of the results reinforces these findings. Many other states are reported here for the first time within this unitary coupled channel framework. In the light scalar sector the poles and couplings found within our approach coincide very well with the ones found by Roca [36] . This happens because, despite the enlarged coupled channel space including heavy mesons, this new sector couples very weakly with the light one. In the open-charm sector the poles found for the lightest antitriplet coincide with the results found by Kolomeitsev [9] and Guo [11] . As already happened for the scalar resonances, the poles found within our model for the sextet state in this sector have broader widths because of the use, in our model, of a different meson decay constant for heavy mesons. Besides, our model allows also for the inclusion of channels with heavy pseudoscalar mesons interacting with light vector ones, as a result of which our model generates a richer spectrum, with poles for an extra triplet and an extra sextet. In the charmed sector, C=1, we find six resonances not yet observed. Three of them are either too broad, or they degenerate into cusps as SU (3) is gradually broken. However, three of them remain sufficiently narrow, such that they could in principle be detected.
Moreover our Lagrangian incorporates the hidden-charm sector and an attractive interaction in the 3 ⊗3 * and3 ⊗ 3 * charmed mesons is responsible for the generation of two resonances. One of them can be associated with the new X(3872) state. The other one appears as a strong cusp in our case, or a resonance with slightly increased attraction, and can be associated to the peak structure found recently around thē D 0 D 0 * threshold at Belle.
The agreement of the theory with data for the known resonances, together with the success of the theory for the charmed scalar mesons [34] , gives us confidence on these new predicted states, such as to strongly suggest their experimental search.
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A The ξ Coefficients
A.1 Open-Charm Sector (C=1) 
